Aberrant DNA methylation has been observed consistently in many human tumours, in particular in the CpG islands of tumour suppressor genes, but the underlying mechanism of these changes remains unclear. To determine whether DNA methyltransferase expression is increased in leukaemia, we developed a standarised competitive RT-PCR assay to measure the level of DNA methyltransferase transcripts. Using this assay on bone marrow RNA samples from 12 patients with acute leukaemia, we observed a 4.4-fold mean increase in the level of DNA methyltransferase mRNA compared with normal bone marrow. These results support but do not prove the hypothesis that an increase in DNA methyltransferase activity is associated with malignant haematological diseases and may constitute a key step in carcinogenesis.
Introduction
Tissue-specific methylation patterns are established early in development by a combination of demethylation and de novo methylation of cytosine residues, predominantly at CpG dinucleotides. The methylation pattern is stably maintained through subsequent cell divisions by the action of a DNA methyltransferase (DNA MTase) enzyme. 1 The DNA MTase gene has been cloned and characterised but it still is unclear whether there is only a single enzyme responsible for both de novo and maintenance methylation activities in the cell. 2 In vitro studies have shown that the intact DNA MTase enzyme favours maintenance methylation activities because of its strong substrate preference for hemimethylated DNA. 3 However, in vitro cleavage of the N-terminal domain greatly increases the de novo activity of DNA MTase. 4 In cancer cells, the DNA methylation pattern undergoes widespread alterations with both generalised hypomethylation and regional hypermethylation (reviewed in Refs 5-7). In particular, aberrant methylation has been noted in the CpGrich promoter regions of many tumour suppressor genes in cancer cells and is often associated with inactivation of these genes. [8] [9] [10] [11] [12] The mechanism responsible for aberrent methylation patterns is unknown, but there is mounting evidence to support a fundamental role for the increased activity of the DNA MTase enzyme in the initiation and progression of cancer. In immortalised or malignant cells in culture the activity of DNA MTase is substantially higher than nontransformed cells. 13 In addition, overexpression of DNA MTase in NIH 3T3 cells and IMR90/SV40 fibroblasts results in cellular transformation and substantial de novo methylation of CpG islands respectively, 14, 15 whereas tumorigenesis of adrenocortical Y1 cells is inhibited by antisense oligonucleotides to DNA MTase mRNA. 16 Moreover, lowering DNA MTase activity in mice that are genetically predisposed to formation of colonic aden- omas has been shown to markedly decrease the frequency of colon tumours. 17 The overproduction of DNA MTase may also be linked with an increased rate of C to T mutations often found in tumour genes. 18, 19 Expression of DNA MTase has been extensively studied in colon cancer and it has been proposed that increased expression may be associated with altered DNA methylation patterns. 20 DNA MTase activity has been shown to increase progressively with advancing stages of both human colon and lung cancer. 21, 22 Elevated levels of DNA MTase mRNA transcripts have been reported in colon cancer when compared to normal colon mucosa. Using non-quantitative reverse transcription RT-PCR assay, a 200-fold increase in DNA MTase mRNA levels was reported comparing colon cancers to normal mucosa, 20 whereas increases of 3.7-and 2.5-fold were found in later studies using quantitative RT-PCR 23 and RNAase protection assays, 24 respectively. DNA methylation patterns are known to be altered in a large number of genes in haematological malignancies. [25] [26] [27] [28] Perhaps the best studied gene is the calcitonin gene which becomes hypermethylated during the progression of chronic myeloid leukaemia (CML) 29 and is methylated extensively in acute lymphomas, chronic lymphoblastic leukaemias (CLL), 30, 31 and in myelodysplastic syndrome (MDS). 32, 33 Aberrant methylation of the CpG island spanning the promoter of the p15 tumour suppressor gene is linked with p15 inactivation in at least half of the acute lymphoblastic leukaemias (ALL) and acute myeloid leukaemias (AML). 12 The oestrogen receptor gene is also extensively methylated in acute leukaemias, CMLs and lymphomas, whereas the gene is essentially unmethylated in normal haematopoietic cells. 34 In contrast, the Bcl-2 gene is hypomethylated in essentially all B cell CLL patients and is associated with an increase in Bcl-2 protein expression. 35 Despite the abundance of evidence indicating an important role of methylation in leukaemia, mRNA expression levels of the DNA MTase gene have not previously been measured.
In this study we have developed a standardised competitive RT-PCR to determine whether DNA MTase expression is increased in leukaemia and linked to methylation changes in leukaemia. We compared DNA MTase mRNA levels in bone marrow samples from 12 leukaemic patients to levels in normal bone marrow and found elevated DNA MTase expression in all leukaemic samples.
Materials and methods

Leukaemic samples
Bone marrow aspirates from 12 patients with leukaemia (nine males, three females) were assayed for DNA MTase expression (Table 1) . Control samples of normal bone marrow were aspirated from the sternal cavity from six patients who were undergoing cardiac surgery and who had given prior informed consent. The study was approved by the Ethics Committee of RPAH (Protocol number X93-0073).
RNA and DNA isolation RNA and DNA were isolated using TriZOL Reagent (Gibco-BRL from Life Technologies, Gaithersburg, MD, USA) from bone marrow cells which had been lysed in hypotonic lysis buffer.
Reverse transcription cDNA was reverse transcribed from 2 g of total RNA in a 25 l reaction containing 40 mM Tris-HCl pH 8.0, 75 mM KCl, 10 mM MgCl 2 , 2 mM DTT, 500 M dNTPs and 300 ng random hexamers (Boehringer Mannheim, Mannheim, Germany), by heating to 75°C for 2 min, chilling, adding 40 U RNasin (Promega, Madison, WI, USA) and 50 U AMV reverse transcriptase (Promega) and incubating at 44°C for 1 h.
Standardised competitive RT-PCR
The primers and competitor DNAs used in the amplification are listed in Table 2 . The actin competitive plasmid was pre- Primer coordinates give the nucleotide positions within actin exon 1 (Accession No. K01742), actin exon 4 (K01744) and DNA MTase (X01744). The primers are designed to cross introns and therefore only amplify cDNA. Target size refers to the PCR product from cDNA.
Competitor size refers to the PCR product from the competitor construct.
pared by cloning the 71 bp Sau3A pBluescript SK fragment into the BglII site of a 231 bp aortic smooth muscle actin PCR product amplified from K562 cell line DNA (Table 2) , previously cloned into a pXT vector. 36 The DNA MTase competitor was prepared by cloning a 125 bp HindIII fragment from lambda DNA into the HindIII site of the 335 bp DNA MTase PCR fragment amplified from K562 cell line DNA (Table 2) 
Products were electrophoresed on a 6% polyacrylamide gel, dried, and exposed to a phosphorimager (Molecular Dynamics, Sunnyvale, CA, USA) and quantitated using ImageQuant Software version 3.3 (Molecular Dynamics). To standardise reaction conditions for each sample and between samples, a competitive RT-PCR assay was developed in which all competitor dilutions were determined exactly by weight and all reactions were aliquoted from a bulk pre-mix as follows: a bulk pre-mix sufficient for 600 reactions was prepared which contained reaction buffer, nucleotides and Taq polymerase. This pre-mix was split into two, actin primers added to one half and DNA MTase primers to the other. Each of these primer-specific pre-mixes was further split into six aliquots and different levels of the appropriate competitor plasmid added as indicated below. These final pre-mixes which contained all components but the cDNA were individually aliquoted (50 aliquots each) and stored at −20°C until required. Reactions were initiated by addition of aliquots of cDNA reaction to the pre-mix and PCR amplifications done as above.
The competing plasmid dilution series was determined exactly by weight using a Mettler analytical balance in approximately three-fold consecutive dilutions and added to the pre-mix as follows: actin plasmid, the level per reaction was 6.21 pg, 2.05 pg, 676 fg, 216 fg and 73.6 fg. DNA MTase plasmid, the level per action was 344 fg, 114 fg, 37.5 fg, 12.4 fg and 4.08 fg.
Results
DNA methyltransferase RT-PCR assay
Since DNA MTase is expressed only at low levels in normal cells and a small change in expression in leukaemia may be important in the development of malignancy, we chose to develop a standardised competitive quantitative RT-PCR assay to ensure an accurate estimate of expression. In order to ensure precise estimation of competing DNA and thus minimise pipetting errors, the plasmid competitor dilution was determined by weight. This approach combined with standardised pre-mixes gave reproducible results in quantitation of the target sequence within and between samples. We found this method to be highly reproducible in comparison to other competitive RT-PCR methods which can be inconsistent as the cDNA and competitor DNA are often unstable.
An example of a standardised competitive RT-PCR quantitation for DNA MTase with actin as an internal control is shown in Figure 1a . Densitometer quantitation of the target and competitor PCR fragments was determined for each dilution and the logarithm of the ratio of the target to competitor was plotted against the logarithm of the initial molar amount of added competitor (Figure 1b) . The estimated amount of target cDNA was calculated by regression analysis of the log of the competitor over target ratio and the derived equation was solved for x when y = 0, that is when there was equimolar amounts of target and competitor. Determination 
DNA methyltransferase expression
Twelve bone marrow aspirates from patients with leukaemia and six normal bone marrow aspirates were assayed for DNA MTase mRNA expression by competitive RT-PCR, using actin as an internal standard (Figure 2 ). DNA MTase expression was elevated in all samples from leukaemic patients, regardless of age, sex or subtype. Patient 99 (AML) shows the highest level of DNA MTase mRNA expression which is 10.1-fold higher than the mean expression in normal bone marrow. Patient 60 (AML) shows the lowest level of expression, but is still 2.5-fold higher than the mean expression in normal cells. The average mRNA expression levels for DNA methyltransferase are increased 4.4-fold as compared to the average expression in normal bone marrow (P Ͻ 0.0001, by Mann-Whitney two-
Figure 2
DNA MTase mRNA levels for bone marrow from leukaemic and normal patients. DNA MTase mRNA levels were determined by standardised competitive RT-PCR. The mean of transcription from bone marrow samples of leukaemic patients was calculated to be 0.214, and the mean for the normal bone marrow samples was calculated to be 0.049. tailed unpaired test). DNA MTase expression is also increased in HL60 and K562 cells to a level similar to that found in the bone marrow cells from leukaemic patients (data not shown).
Discussion
In this study, we demonstrate for the first time that the average expression of DNA methyltransferase mRNA from the bone marrow cells of leukaemic patients is elevated 4.4-fold, compared with expression from normal bone marrow. DNA MTase expression has been assayed previously in lung, liver and colon tumour samples using a wide range of methods, including protein-based assays 21, 22 and RNA-based assays 20, [22] [23] [24] 37 and the results obtained have been variable. However, in this study we developed a standardised competitive RT-PCR assay which enabled accurate measurement of DNA MTase mRNA expression within and between samples.
Early studies using a nonquantitative RT-PCR assay 20 reported a 200-fold increase in DNA MTase expression for colon cancer compared with normal mucosa, whereas using semiquantitative RT-PCR assays, 18-fold increases were reported. 21 Our results of elevated DNA methyltransferase levels in leukaemia are similar to studies in colon cancer that have used quantitative RT-PCR assays, where an average of 3.7-fold 23 and 2.6-fold 24 increases in DNA MTase transcripts were reported when normalised with GAPDH. Lee et al 24 also found that the level of DNA MTase expression in colon cancer was 1.8-fold higher when normalised to actin, however, no significant elevation was detected when normalised to histone H4. Therefore these authors argue that the observed increased in DNA MTase expression was simply a reflection of the increase in cell proliferation in colon tumour cells.
All quantitation analyses are dependent upon which gene is selected to normalise against the integrity of the starting RNA, and in the past actin and GAPDH have been used as standards as these proteins are thought to be ubiquitously expressed in all tissues. It is becoming increasingly clear that even the use of housekeeping genes can present problems as standards because their expression may vary under certain conditions. 38 This could be particularly relevant in tumour cells, where multiple genetic lesions are responsible for the development of the disease. However, it is unlikely that the 4.4-fold increase in DNA MTase mRNA levels in leukaemic cells, observed in this study, is the result of an equivalent increase in tumour cell proliferation. Leukaemic cells are predominantly dispersed in G1, which means that most are in cycle despite the fact that the mitotic index and the proportion of cells in S phase are decreased. [39] [40] [41] This could be an important difference when compared with normal counterparts and could be related to the increase in DNA MTase levels. It is difficult to isolate immature blast cells from bone marrow at an equivalent stage of differentiation to the leukaemic blast cell. Nethertheless, it is clear that DNA MTase levels are elevated in leukaemic bone marrow cells relative to normal differentiated cells.
An increased expression of DNA MTase in leukaemia could be important in leukaemogenesis. The 4.4-fold average increase in DNA methyltransferase expression in leukaemia is greater than the 2.2-fold average increase in expression of DNA methyltransferase that was shown to be associated with transformation of NIH 3T3 fibroblasts.
14 Moreover, IMR90/ SV40 cells which expressed an average of nine-fold increased DNA MTase activity were significantly hypermethylated at CpG island sequences. An increase in DNA MTase activity may also be associated with hypomethylation in cancer cells and be linked with an increased rate of deletions and rearrangements often observed in leukaemia. A recent study shows that genome-wide strand break accumulation was associated with progressive genomic hypomethylation and increased DNA MTase activity. 42 In addition, T cell receptor-␤ chain rearrangements always occur on the allele that contains hypomethylated sequences in AML and ALL patients, whereas the germline allele is completely methylated. 43 The results presented here show an increase in the average levels of DNA methyltransferase mRNA in leukaemia, consistent with the increased levels of transcription previously reported for colon and lung cancers. Such an association between elevation of DNA MTase levels and aberrant methylation patterns observed in leukaemia suggests a link between the regulation of DNA MTase expression and the onset and progression of cancer.
